The cyanophycin granules from two-weekold cultures of the blue-green alga Anabaena cylindrica were isolated by sonication of the cells followed by differential centrifugation. These particles are composed of polypeptides containing only two amino acids, aspartic acid and arginine, and have a molecular weight between about 25,000 and 100,000.
Cyanophycin granules are subcellular structures which are characteristic of the blue-green algae, and have been seen in all species investigated, both uni-and multicellular (1, 2) . They are present in older cultures and are particularly abundant in spores, but are lacking in actively growing cultures (2, 3) . Histochemical evidence suggests that they are proteinaceous and contain arginine (3) . They thus appear to represent a form of storage protein. However, nothing is known about them biochemically.
MATERIALS AND METHODS Isolation of cyanophycin granules
Anabaena cylindrica var. Lemm. was grown axenically in the medium of Allen and Arnon (4) , which was modified by diluting it 16-fold and adding 1 g/liter of NaNO3. Two-week-old cultures contain abundant granules, which may be isolated as follows: an algal suspension containing 0.2 mg of chlorophyll per ml is sonicated at the lowest setting of a Branson Sonifier (Model S-125) for 15 min, and then centrifuged at 20,000 X g for 10 min. The supernatant is discarded and the orangecolored upper part of the pellet, as well as the white ring around the pellet, are carefully removed with a paint brush. This material, which consists mainly of cyanophycin granules and walls of vegetative cells, is resuspended in distilled water. The suspension is then centrifuged at top speed (1000 X g) in a clinical centrifuge for 30 sec. The supernatant from this step is again centrifuged at 1000 X g for 15 min. The supernatant and orange upper layer of the pellet are discarded, and the lower white pellet, which consists almost entirely of cyanophycin granules, is resuspended in distilled water for analysis.
Chemical determinations
Protein was determined by measuring free a-amino groups (5) after hydrolysis in 6 N HCl for 24 hr, and by the Lowry procedure (6) or the Biuret method (7) using bovine serum albumin as a standard. Carbohydrate was measured either by the anthrone procedure (8) or by measuring the appearance of reducing sugars (9) after hydrolysis in 2 N H2S04 at 1000C. 265 Lipid was determined gravimetrically after extraction of lyophilized granules with chloroform-methanol 2:1. Phosphate was measured after wet ashing (10) . Moisture content is taken as the difference in weight of material dried first at 500C and then at 1050C. Chlorophyll was measured by the method of Mackinney (11) and arginine by a modified Sakaguchi reaction (12) .
For amino acid analysis, the granules were hydrolyzed in 6 N HCl in sealed vials that had been flushed with nitrogen gas. After hydrolysis the material was dried to remove the HCl, and analyzed on an automatic amino acid analyzer as described (13) .
Granule hydrolysates and aspartic acid standards were silylated for gas chromatography by heating 1 hr at 500C in the presence of NO-bis-(trimethylsilyl)-acetamide in pyridine (2:1 v/w). Gas chromatograms were performed on an SE-30 column at 130'C. Mass spectra of the peaks from the gas chromatograph were obtained using an LKB-9000 gas chromatograph-mass spectrometer.
Molecular weight determinations
For dialysis experiments the granules were dissolved in 0.1 N HOl and dialyzed against 0.1 N HCl for 18 hr. Protein in the dialysis bag was determined by the Lowry procedure (6) or by hydrolyzing the dialysate, adjusted to 6 N HCl, for 24 hr at 1050C and measuring a-amino groups with ninhydrin (5).
Analytical sodium dodecyl sulfate-acrylamide gels were run according to Shapiro et al. (14) except that a 20 X 18 X 0.3 cm slab of 5% acrylamide was used instead of individual discs.
For gel chromatography, the cyanophycin granules were dissolved in 6.0 M urea-0.1 M H3PO4 (pH 2.7) and run on a Sephadex G-200 column that had been equilibrated with the same buffer. Granule protein in the column eluate was assayed by determination of the amount of arginine present (12) . Blue Dextran-2000 was used to determine the void volume, and molecular weight was estimated according to the method of Andrews (15) . me to account for essentially all of the granule dry weight as protein.
RESULTS
Because of the unique composition of the granules I felt it desirable to confirm the presence of aspartic acid and arginine. Trimethylsilylated (TMS)-amino acids from the hydrolysate were run on a gas chromatograph-mass spectrometer along with a TMS-aspartic acid standard. The retention times on the gas chromatograph were the same for the hydrolysate and standard, and the mass spectra were identical. TMS-arginine, which is known to break down during gas chromatography (16), was not detected.
The Sakaguchi reaction is a relatively specific test for arginine (12) . The isolated granules give a red color with the Sakaguchi reagent, confirming the presence of arginine.
The granules are composed of high molecular weight polymers and not of free amino acids or short peptides. They are insoluble in distilled water but can be solubilized in dilute acid or base. Granules that have been solubilized in 0.1 N HCl and then dialyzed against 0.1 N HCl do not pass out of the dialysis bag, indicating that the granule polypeptide has a high molecular weight. In addition, the granule material moves as a single, broad band on analytical acrylamide gels containing sodium dodecyl sulfate. The limits of the band indicate a molecular weight between about 25,000 and 100,000 when compared with proteins of known molecular weight run on the same gel (Fig. 1 ). (15) . The amount of granule polypeptide at each Ve/Vo is determined by measuring the arginine content (12) , which is plotted as the absorbance determined at 520 nm.
Proc. Nat. Acad. Sci. USA DISCUSSION This is the first reported isolation of the cyanophycin granules of the blue-green algae. The isolated granules are relatively pure as indicated by the low percentage of carbohydrate and phosphate present, and by the fact that only two amino acids are present after hydrolysis. The granules are soluble in dilute acid and base and have a high arginine content, observations which correlate well with previous histochemical studies (3).
Since one can account for the dry weight of the granules in terms of only two amino acids, and since the data indicate that the polypeptide is of high molecular weight, the protein of the cyanophycin granule represents a unique copolymer of two amino acids. Such a polymer would make an excellent storage protein. The storage of one molecule of arginine would result in the storage of four atoms of nitrogen, and aspartic acid need only be deaminated to form oxaloacetate, an important compound in intermediary metabolism. To my knowledge, this is the first report of such a polymer isolated from biological material.
